We investigated the effect of seasonal environmental changes on the rate and distribution of anaerobic oxidation of methane (AOM) in Eckernförde Bay sediments (German Baltic Sea) and identified organisms that are likely to be involved in the process. Surface sediments were sampled during September and March. Field rates of AOM and sulfate reduction (SR) were measured with radiotracer methods. Additional parameters were determined that potentially influence AOM, i.e., temperature, salinity, methane, sulfate, and chlorophyll a. Methanogenesis as well as potential rates of AOM and aerobic oxidation of methane were measured in vitro. AOM changed seasonally within the upper 20 cm of the sediment, with rates being between 1 and 14 nmol cm Ϫ3 d Ϫ1 . Its distribution is suggested to be controlled by oxygen and sulfate penetration, temperature, as well as methane supply, leading to a shallow AOM zone during the warm productive season and to a slightly deeper AOM zone during the cold winter season. Rising methane bubbles apparently fed AOM above the sulfate-methane transition. Methanosarcinales-related anaerobic methanotrophs (ANME-2), identified with fluorescence in situ hybridization, is suggested to mediate AOM in Eckernförde Bay. These archaea are known also from other marine methane-rich locations. However, they were not directly associated with sulfate-reducing bacteria. AOM is possibly mediated solely by these archaea that show a mesophilic physiology according to the seasonal temperature changes in Eckernförde Bay.
In earlier studies of methane seeps, the process was found to be mediated by methanotrophic archaea, frequently associated with sulfate-reducing bacteria in a syntrophic consortium (Boetius et al. 2000; Orphan et al. 2001b; Michaelis et al. 2002) . AOM has been demonstrated and quantified by modeling (Whiticar 1978; Martens et al. 1998; Whiticar 2002) , radiotracer turnover measurements Bussmann et al. 1999; Martens et al. 1999) , and stable isotope analysis Martens et al. 1999) in the sulfate-methane transition zone of Eckernförde Bay. AOM profiles, determined by radiotracer methods, revealed maximum rates between 10 and 44 nmol cm Ϫ3 d Ϫ1 in 23-to 60-cm sediment depth. However, understanding of the process at this location remains incomplete. The organisms involved in AOM have not been identified, and temporal changes have not been investigated. Eckernförde Bay exhibits a strong seasonality, e.g., of temperature, salinity, primary production, and organic-matter degradation in the sediment (Bodungen 1975; Meyer-Reil and Graf 1984; Hansen 1993) . Temperature changes are reported to control the depth of the sulfatemethane transition zone in coastal sediments (Martens et al. 1986 ). Moreover, the location of the acoustic turbidity in Eckernförde Bay sediments, i.e., the zone of gas-bubble formation, changes seasonally, presumably caused by temperature-dependent variations in methane solubility . It is therefore likely that seasonal variations also influence the distribution and rate of AOM in Eckernförde Bay over the year.
Rising gas bubbles have been frequently detected in the water column of Eckernförde Bay (Jackson et al. 1998 ) and may also supply methane to the surface sediment. The methane ebullition is reported to be controlled by changes in sea level (Jackson et al. 1998 ) and thus short-term temporal changes in methane supply and methane consumption may be expected.
The present study aims for a better understanding of AOM in Eckernförde Bay sediments. Molecular, microbiological, and biogeochemical investigations were carried out to answer the following major questions:
1. Which organisms mediate AOM in Eckernförde Bay? 2. Is the rate and distribution of AOM in Eckernförde Bay controlled by seasonal changes in the environment? 3. Do rising gas bubbles transiently enhance AOM in the surface sediment?
Finally, we drew global comparisons between AOM at Eckernförde Bay and other marine sites bearing methane to discuss correlations between methane supply and methane consumption rates.
Materials and methods
Study site-Eckernförde Bay is a semienclosed bay with a maximum depth of 28 m, located on the German Baltic Sea coast ( Fig. 1 ) (Abegg and Anderson 1997; Wever et al. 1998 ). Sediment accumulation rates range between 0.3 and 1.1 cm yr Ϫ1 (Nittrouer et al. 1998) . The upper 2 m of the sediment are characterized by a high organic carbon content (4-5 wt%) (Whiticar 2002) . Bioturbation has been observed only in the top 0-1 cm of the sediment (Nittrouer et al. 1998) .
The water column of Eckernförde Bay is strongly stratified during the summer months. As a consequence, mixing in the water column is reduced, and the thermocline strengthened the formation of a deep halocline (Hansen et al. 1999) . Salinities fluctuate between 14 and 24 (Milkert et al. 1995; Bussmann et al. 1999) .
Primary production shows (Lenz 1996) (1) a pronounced peak in March/April dominated by diatoms, (2) moderate productivity over the summer months (June, July, and August) dominated by dinoflagellates and cyanobacteria, and (3) a moderate peak in October/November dominated by dinoflagellates and diatoms.
During late summer, when the water column is strongly stratified, oxygen saturation drops to Ͻ10% and, occasionally, to anoxia in the bottom water (below 20-25 m) (Hansen et al. 1999) . Autumn storms and a decrease in surface water temperature cause a mixing of the water column and the introduction of oxygen into deeper water layers (Meyer-Reil and Graf 1984) .
Sampling sites-Samples were taken from two stations (Fig. 1) . Sta. A (water depth 25 m, position 54Њ30Ј09N, 10Њ00Ј57E) was located west of Mittelgrund at a site formerly studied by the U.S. Naval Research Laboratory (NRL) and the Federal Armed Forces Underwater Acoustics and Marine Geophysics Research Institute (FWG) (see also Abegg and Anderson 1997; Wever et al. 1998; Martens et al. 1999) . Sta. B (water depth 28 m, position 54Њ31Ј15N, 10Њ01Ј28E) was located in the northern Boknis channel. The stations were sampled during 1-d cruises of the German research vessel Littorina in early (5 and 6) and late (20 and 21) September 2001 as well as in early (5 and 6) March 2002.
Between the early and late September sampling, a storm occurred with a wind speed up to 80 km h Ϫ1 from the north/ northwest (M. Lehwald, pers. comm.) . It was the first autumn storm after a long period of calm and warm summer weather. In March, the weather was rough, with wind from the south/southwest reaching 40-50 km h Ϫ1 (M. Lehwald, pers. comm.) .
Measurements in the water column-Pressure, temperature, and salinity of the water column were determined by a multifunction probe (ECO-Sonde, Meerestechnik Elektronik) with an accuracy of Ϯ0.01 bar for pressure, Ϯ0.01ЊC for temperature, and Ϯ0.02 mS cm Ϫ1 for conductivity. Salinity was determined from the relation between pressure, temperature, and conductivity (Dietrich et al. 1975) .
Sediment sampling-Sediment samples were taken with a small multiple corer based on the construction described by Barnett et al. (1984) . This MiniMuc takes four sediment cores of up to 50-cm length, with an inner diameter of 10 cm within an area of 0.25 m 2 . The cores taken reached a length of 30-40 cm. Unless otherwise mentioned, core subsamples were stored aboard at in situ temperature in an incubator before further investigations proceeded in the home laboratory.
Chemistry and ex situ process rates-Samples for sediment chemistry and ex situ process rate measurements, i.e., rates determined immediately after sample recovery in undisturbed sediment, were taken at Sta. A and B in early and late September as well as March. Two replicate cores of a MiniMuc deployment were subsampled with small push cores (length 30 cm, inner diameter 26 mm). A third replicate core was sampled in 1-cm intervals with cut-off syringes (see below).
Methane concentrations at time zero-On board, 2 cm 3 sediment were taken at 1-cm-depth intervals with cut-off syringes immediately after recovery of the MiniMuc cores and transferred into 10-ml glass vials filled with 5 ml sodium hydroxide (2.5% w/w). The vials were closed quickly with butyl rubber stoppers, sealed with aluminum crimps, and shaken thoroughly to equilibrate the pore-water methane into the headspace. In the laboratory, the methane concentrations were determined by injection of 200 l of headspace into a gas chromatograph (5890A, Hewlett Packard) equipped with a packed stainless steel Porapak-Q column (183 m, 0.32 cm, 80/100 mesh, Agilent Technology) and a flame ionization detector. The carrier gas was helium at a flow rate of 30 ml min Ϫ1 . The column temperature was 40ЊC.
Sulfate concentration-On board, 5 cm 3 sediments were taken at 1-cm intervals with cut-off syringes and transferred into 10-ml plastic tubes filled with 3 cm 3 zinc chloride solution (1% w/w). The vials were closed with plastic stoppers, shaken thoroughly, and frozen at Ϫ25ЊC. In the laboratory, the samples were thawed and centrifuged (2,200 ϫ g, 10 min). Pore-water sulfate concentrations were measured in the supernatant using nonsuppressed ion chromatography with a Waters 510 HPLC pump, Waters WISP 712 autosampler (100-l injection volume), Waters IC-Pak anion exchange column (50 ϫ 4.6 mm), and a Waters 430 conductivity detector. The eluent was 1 mmol L Ϫ1 isophthalic acid with 10% methanol, adjusted to pH 4.5. The flow was set to 1.0 ml min Ϫ1 .
Dry weight, density, and porosity-On board, sediment samples (ca. 5 cm 3 ) were taken at 1-cm intervals with cutoff syringes and transferred into preweighed 15-ml plastic centrifuge vials with a volume scale bar and closed with a plastic screw cap. In the laboratory, the vials were centrifuged (2,200 ϫ g, 10 min), weighed, filled with water to a defined volume, weighed again, dried, and weighed a third time. Density was calculated by dividing the sediment wet weight by the sediment volume (sediment volume with added water minus volume of added water). Porosity was calculated by dividing the pore-water volume (wet weight minus dry weight) by the sediment volume.
Anaerobic oxidation of methane (AOM)-On board, three replicate and one control push cores were taken out of two MiniMuc cores. In the laboratory, purified radioactive methane ( 14 CH 4 dissolved in water, injection volume 15 l, activity 0.5 kBq, specific activity 2.28 GBq mmol Ϫ1 ) was injected into the replicate push cores at 1-cm intervals according to the whole-core injection method of Jørgensen (1978) . The push cores were incubated at in situ temperature, i.e., 10ЊC in September and 4ЊC in March, for 48 h in the dark. To stop bacterial activity, the sediment cores were sectioned into 1-cm intervals and transferred into 50-ml glass vials filled with 25 ml sodium hydroxide (2.5% w/w) and closed quickly with rubber stoppers. The glass vials were shaken thoroughly to equilibrate the pore-water methane between the aqueous and gaseous phases. Control push cores were first fixed before addition of tracer.
In the home laboratory, AOM was determined according to Treude et al. (2003) , which is a modified method of Iversen and Blackburn (1981) . In brief, a 200-l aliquot of the sample headspace was injected into a gas chromatograph (see previous) to measure the total methane concentration. The amount of residual 14 CH 4 was determined by scintillation counting after the combustion of 14 CH 4 at 850ЊC in a quartz tube filled with Cu(II)-oxide and subsequent trapping of the formed 14 CO 2 with phenylethylamine. The amount of microbially formed 14 CO 2 was determined by scintillation counting after acidification of the aqueous sample and trapping of degassing 14 CO 2 on a filter saturated with phenylethylamine. The amount of 14 CO 2 recovered in samples was corrected by the amount of 14 CO 2 recovered in controls. For this, a mean value of the controls was calculated and subtracted from each sample value. However, if the resulting sample value was lower than three times the standard deviation of the control mean, the sample value was considered to be zero. This correction is necessary because even sterile stock solutions of 14 CH 4 dissolved in water produce an increasing 14 CO 2 background over time during storage, which could influence the result. AOM rates were calculated by two different equations as follows: tion volume 6 l, activity 15 kBq, specific activity 37 TBq mmol Ϫ1 ). To stop bacterial activity after incubation, the sediment cores were sectioned into 1-cm intervals and transferred into 50-ml plastic centrifuge vials filled with 20 ml zinc acetate (20% w/w). Control push cores were first fixed before addition of tracer. SR rates were determined using the single step acid Cr-II method according to Fossing and Jørgensen (1989) .
Chlorophyll a (Chl a) and pheophytin a (pheo a)-On board, the samples were taken with a push core. In the laboratory, the push core was sectioned into 1-cm intervals. Two cubic centimeters of sediment of each slice was transferred into preweighed 15-ml plastic centrifuge vials, closed with a plastic screw cap, and frozen at Ϫ25ЊC. Later, the samples were thawed and weighed. Chl a and pheo a were extracted in 4 ml 90% acetone. After sonication (320 W) for 10 min, the samples were centrifuged (2,200 ϫ g, 5 min) and the supernatant was transferred into 15-ml plastic vials. The extraction was repeated twice and the supernatants of the extractions were combined. During all extractions, light was kept to a minimum to prevent a decay of the pigments. Chl a was determined by fluorometry (Hitachi F-2000 fluorometer, ex ϭ 428 nm, em ϭ 671 nm). Chl a (Sigma-Aldrich Chemie GmbH) was used as standard. The precision of the method was Ϯ10%. As labile compounds are easily degraded by acid treatment, the pigment extracts were acidified with a few drops of hydrochloric acid and measured again. The ratio of the fluorescence intensities (FI) of the acid-treated and the untreated pigment extract provides a measure of the degradability of the pigments because the resulting molecules have different fluorescence behavior than its precursor. This ratio is defined as the chlorin index :
In vitro process rates-Sediment samples for in vitro rate measurements, i.e., measurements made under defined laboratory conditions, were taken at Sta. B in early September and March. On board, samples were taken by slicing MiniMuc cores into 5-cm sections. The sections were transferred into 250-ml glass bottles and sealed with butyl rubber stoppers and screw caps. Except for analysis of aerobic microbial activity, investigations in the laboratory proceeded in an N 2 /CO 2 atmosphere using an anaerobic glove box (Mecaplex). Sediment samples were mixed with artificial seawater in a 1 : 1 ratio before further manipulations to obtain homogeneous sediment slurry. Sediment dry weights were determined after drying at 80ЊC for 2 d. Methane concentrations were determined on a GC 14B gas chromatograph (Shimadzu) equipped with a Supel-Q Plot column (30 m ϫ 0.53 mm, Supelco) and a flame ionisation detector (Nauhaus et al. 2002) . Sulfide was determined colorimetrically using the formation of colloidal copper sulfide (Cord-Ruwisch 1985) . All in vitro rates were first determined as nmol g dry wt Ϫ1 d Ϫ1 and recalculated into nmol cm Ϫ3 d Ϫ1 of the undiluted sediment using the volume : dry weight ratio of the undiluted sediment.
Potential anaerobic oxidation of methane (AOM)-With
potential process rate measurements, the maximum capacity of a microbial community is determined. Potential rates are measured under optimum conditions, i.e., with no limitation in substrates. Potential AOM was determined in vitro as described by Nauhaus et al. (2002) . Three cubic centimeters of sediment slurry were transferred into sterile glass tubes and mixed with 9 ml artificial seawater medium (Widdel and Bak 1992) . The tubes were sealed with butyl rubber stoppers and incubated with a headspace (12 ml) of pure methane at atmospheric pressure (0.1 MPa) or an N 2 /CO 2 mixture (90/ 10 vol/vol) in controls. In controls, all methane was removed from the slurry via repeated flushing of the headspace with N 2 /CO 2 while shaking the tubes prior to incubation. All incubations were done in time series of at least five time points in triplicates at 12ЊC. With slurry from 25-30 cm in early September, temperature-dependent potential AOM was determined at 4, 8, 12, 16, 20ЊC, and 28ЊC in addition. During all incubations, the pH stayed constant between 7.5-7.6. Samples for chemical analyses were collected using microliter syringes (preflushed with N 2 ). AOM activity was determined from the difference in sulfide production in incubations with and without methane.
AOM inhibition by oxygen-This in vitro radiotracer experiment was performed to test whether AOM activity is inhibited in the presence of oxygen. We used sediment slurry from the 25-to 35-cm depth interval of the early September sampling. The slurry was softly stirred for 24 h at 12ЊC under oxic conditions prior to incubation to ensure fully oxic conditions in the pore water. For incubations, 13 ml of the sediment slurry were filled each into five sterile glass tubes (16 ml) and sealed with butyl rubber stoppers. The headspace (3 ml) was filled with 2 ml air and 1 ml methane. Five glass tubes filled with 13 ml oxygenated artificial seawater instead of sediment slurry were used as negative controls to check for nonmicrobial activity. The headspace was the same as for the incubation of the oxygenated sediment slurry. Five glass tubes filled with 13 ml of the original anoxic sediment slurry were used as positive controls to test AOM activity under anoxic conditions. In this case, the headspace (3 ml) was filled with 2 ml N 2 /CO 2 mixture (90/10 vol/vol) and 1 ml methane. Purified radioactive methane ( 14 CH 4 gaseous, injection volume 10 l, activity 0.2 kBq, specific activity 2.28 GBq mmol Ϫ1 ) was injected into each headspace. The glass tubes were stored horizontally and gently shaken for 5 d at 12ЊC. After incubation, the sediment slurry/seawater medium and the headspace were transferred into 50-ml glass vials filled with 25 ml sodium hydroxide (2.5% w/w) and closed with rubber stoppers. Further analysis was the same as for 14 C AOM samples described above.
Coupling of AOM and SR-This in vitro radiotracer experiment was performed to test whether AOM activity is impacted negatively when SR is inhibited. Molybdate was used as inhibitor for the enzymatic pathway of SR (Hansen et al. 1998 ). We used methane-amended (0.6 mmol L Ϫ1 ) sediment slurry from the 25-to 35-cm depth interval of the early September sampling. Ten sterile glass tubes (16 ml) were filled with sediment slurry and closed bubble free. Five of the glass tubes were supplemented with Na-molybdate (final concentration in the slurry: 10 nmol L Ϫ1 ). Five additional glass tubes were filled bubble free with anoxic artificial seawater instead of sediment slurry to check for nonmicrobial activity. Purified radioactive methane ( 14 CH 4 dissolved in water, injection volume 50 l, activity 1.5 kBq, specific activity 2.28 GBq mmol Ϫ1 ) was injected into each tube. The tubes were stored horizontally and gently shaken for 5 d at 12ЊC. After incubation, the sediment slurry/seawater medium was transferred into 50-ml glass vials filled with 25 ml sodium hydroxide (2.5% w/w) and closed with rubber stoppers. Further analysis was the same as for 14 C AOM samples described above.
Methane production-The production of methane was measured in vitro in the absence of sulfate, as described by Krüger et al. (2001) . Three cubic centimeters of sediment slurry were transferred into sterile glass tubes as described above. Nine milliliters of sulfate-free artificial seawater medium were added and the tubes were sealed with butyl rubber stoppers. The tubes were repeatedly flushed with N 2 /CO 2 mixture (90/10 vol/vol) to remove residual methane in the slurry. The final headspace in the tube was also a N 2 /CO 2 mixture (90/10 vol/vol). Incubation was the same as described for potential AOM. The incubation temperature was 12ЊC. Headspace samples (0.1 ml) were taken with pressure lock syringes twice per day, after shaking of the tubes by hand, and analyzed for methane.
Potential aerobic oxidation of methane (aerobic MO)-
Potential aerobic MO was determined in vitro according to Krüger et al. (2002) . Sediment slurries were produced under oxic conditions. The slurries (20 cm 3 ) were transferred into sterile glass bottles (175 ml) and sealed with butyl rubber stoppers. The oxic headspace was supplemented with 10,000 ppm v methane. The bottles were incubated at 12ЊC in the dark and shaken once per day. Methane depletion was followed by sampling the headspace from triplicate incubations, after thoroughly shaking the bottles, and subsequent gas chromatography. The first sample was taken 30 min after the amendment with methane, followed by sampling at 24-h intervals. Linear regressions were calculated from the mean methane depletion curves to obtain the aerobic MO rates.
Identification of microorganisms by fluorescence in situ hybridization (FISH)-
For sediment measurements, a push core was sectioned at 1-cm intervals. For slurry measurements, aliquots of the sediment slurries were taken. One cubic centimeter of each sediment slice or sediment slurry was transferred into 3 ml formaldehyde (final concentration 3%) and fixed for 2-3 h. After fixation, the sample was washed twice with 1ϫ PBS (10 mmol L Ϫ1 sodium phosphate, 130 mmol L Ϫ1 NaCl) and finally stored in 1ϫ PBS/EtOH (1 : 1) at Ϫ25ЊC. Fixed samples were diluted (1 : 10) with PBS and treated by mild sonication for 20 s with a MS73 probe (Sonoplus HD70) at an amplitude of 42 m Ͻ10 W. An aliquot (40 l) was filtered on 0.2-m GTTP polycarbonate filters (Millipore). The filters were embedded in low-gelling-point agarose. Hybridization and microscopic counts of hybridized and 4Ј,6Ј-diamidino-2-phenylindole (DAPI)-stained cells were performed as described previously (Snaidr et al. 1997) . Mean values of aggregate numbers were calculated by using 200-400 randomly chosen fields of view for each filter section, corresponding to 700-1,200 hybridized cells. Means of total free-living cells were calculated by using 16-17 randomly chosen fields of view for each filter section, corresponding to 700-1,000 DAPI-stained cells. Cy3-and Cy5-monolabeled oligonucleotides were purchased from ThermoHybaid. Probes and formamide (FA) concentrations used in this study were as follows: EeelMS932 targeting ANME-2 (Hinrichs et al. 1999 , 40% FA), ANME-1 targeting ANME-1 (Hinrichs et al. 1999 , 40% FA), EUB338-targeting bacteria (Amann et al. 1990 , 40% FA in double hybridization with EeelMS932), DSS658 targeting Desulfosarcina spp./ Desulfococcus spp./Desulfofrigus spp. and Desulfofaba spp. (Manz et al. 1998 , 40% FA in double hybridization with ANME-2, 60% FA in single hybridization). To avoid background signals, 10% blocking reagent (Roche) was added to hybridization buffers (20% vol/vol).
Results
Hydrographic conditions-In early September, the water column at Sta. A (Fig. 2a-c) was clearly stratified into a cold, saline bottom layer and a warm, freshwater-influenced surface layer. Temperature decreased from 17ЊC at the surface to 10ЊC at the bottom. Salinity was lower at the surface (salinity 15) compared with the bottom water (salinity 23). After the first autumn storm, a partial mixing of the water layers decreased surface temperatures to 15ЊC and caused an increase to 11ЊC at the bottom. Salinity increased to 17 at the surface and a halocline was formed at 5.6 m. At the bottom, salinity stayed constant. During winter, the water column was completely mixed and both temperature (4ЊC) and salinity (20) were constant with depth in March.
At Sta. B (Fig. 3a-c) , the stratification of the water column during early September was similar to Sta. A, with a warm surface layer of 17ЊC and a salinity of 15 and a colder bottom water of 10ЊC and a salinity of 23. The mixing of the water column after the storm was slightly more pronounced, resulting in 14ЊC and a salinity of 19 at the surface and 11ЊC and a salinity of 23 at the bottom. In March, temperature (4ЊC) and salinity (20) were homogeneous with depth.
Chemistry and ex-situ process rates-Sediment description: At Sta. A, the surface of sediment cores was graygreenish and very fluffy, with a porosity of up to 0.92. This sediment type reached a depth of 3 to 4 cm, below which black sediment was found. The black sediment had a porosity of about 0.86 and smelled strongly of hydrogen sulfide. During the late September and March sampling, the sediment surface was strongly resuspended, most likely as a consequence of stormy weather. In late September, the turbulent disturbance of the sediment surface was documented in situ with a deployed camera system (Karpen 2002) .
At Sta. B, the sediment had the same fluffy consistency and porosity as Sta. A. However, in early and late September, the sediment was completely black, with a strong smell of hydrogen sulfide. In March, the sediment was also strongly resuspended and the upper 4 cm had turned brown. Filaments of the sulfur-oxidizing bacteria (Beggiatoa) were visible at the sediment surface in early and late September. They occurred at the subsurface in March, as demonstrated by microscopic investigation (A. Preisler, pers. comm.).
Sulfate and methane-At Sta. A, sulfate and methane concentrations (Fig. 2d-f ) in the sediment varied between September and March. The decrease in sulfate over depth was steepest in September, with a penetration depth of approximately 23 cm, and lowest in March, resulting in the deepest penetration of approximately 32 cm. In the topmost layer of the sediment (0-1 cm), sulfate concentration was highest in early September (21.4 mmol L Ϫ1 ) and lowest in March (16.0 mmol L Ϫ1 ). The lowered sulfate concentration in March is in accordance with the decrease in bottom-water salinity (see previous). Methane was nearly zero at the sediment surface (between 0.001 and 0.010 mmol L Ϫ1 ) and increased to values between 0.2 and 0.8 mmol L Ϫ1 toward the bottom of the cores. The methane gradient was highest in March and lowest in early September.
At Sta. B (Fig. 3d-f ), the variations of sulfate and methane concentration were similar to Sta. A. The decrease in sulfate over depth was steepest in September, with a penetration of approximately 25 cm, and lowest in March, resulting in the deepest penetration depth of approximately 33 cm. In the topmost layer of the sediment (0-1 cm), sulfate concentration was highest in early September (21.9) and lowest in March (16.5 mmol L Ϫ1 ). In all measurements, methane was near zero in the topmost layer (between 0.003 and 0.014 mmol L Ϫ1 ) and increased to values between 0.3 and 1.6 mmol L Ϫ1 at the bottom of the cores. The methane gradient was highest in late September and lowest in early September.
Anaerobic oxidation of methane (AOM)-In early September, AOM at Sta. A (Fig. 2g-i) in March (Table 1) . At Sta. B (Fig. 3g-i Test for differences in AOM between investigated seasons-For the analysis of differences in the rate and distribution of AOM between early September, late September, and March at Sta. A and B, respectively, a paired-sample ttest was applied. AOM values of each season were divided into 5-cm depth intervals (0-5 cm, 5-10 cm, 10-15 cm, etc.), corresponding to a total number of n ϭ 15 values per interval (three replicates per cm multiplied by five). Each depth interval of a season was tested against the respective depth interval of another season (early September vs. late September, late September vs. March, March vs. early September). p-values were determined and, p Ͻ 0.05 AOM of the compared intervals was considered to differ significantly. AOM of the 20-to 25-cm interval revealed no significant changes between seasons at both stations. Nearly all seasons revealed highly significant changes of AOM (p Ͻ 0.005) between 5 and 20 cm. The only exception was early versus late September at Sta. A, where no significant changes were (Table 1) . Comparing the three replicates of SR with those of AOM for each depth interval (1-cm steps) within the sulfate-methane transition zones (15-25 cm, see small cutouts in SR profiles of Figs. 2 and 3) with a paired-sample t-test, the majority of the AOM and SR rates (75%) agreed well (p Ͼ 0.05). In 11% of the cases, SR exceeded AOM (mean SR : AOM ratio ϭ 10 : 3), and in 14% of the cases, AOM exceeded SR (mean AOM : SR ratio ϭ 5 : 2). The discrepancies might be a result of methodological issues, e.g., methane losses or different treatments of AOM and SR samples. Higher SR rates might be due to the use of substrates other than methane by the sulfate-reducing community.
Chlorophyll a and chlorin index-At Sta. A (Fig. 2m-o) , the deposition of fresh algal material on the sediment surface, as measured by Chl a concentrations, was highest in early September (1,790 ng cm Ϫ3 ) as a result of the summer phytoplankton sedimentation (Bodungen 1975) . This increase in fresh organic matter, which is also confirmed by a low chlorin index of 0.53, was restricted to the 0-to 1-cm layer of the sediment. Below that layer, Chl a concentrations stayed around 700 ng cm Ϫ3 , while the chlorin index increased to around 0.66 as a result of the advancing decomposition. In late September, the picture was similar but the elevated Chl a concentration reached a depth of 2 cm. The downward mixing could have been caused by resuspension during stormy weather or by bioturbation. It is also possible that patchy deposition of organic matter is causing a lateral heterogeneity of chlorophyll concentrations in the sediment. Over the winter, fresh organic matter appeared to be buried deeper into the sediment, leading to reduced Chl a concentrations in the 0-to 1-cm layer (831 ng cm Ϫ3 ) and irregular profiles with maxima of up to 1,250 ng cm Ϫ3 in the top 10 cm of the sediment. Consequently, the chlorin index showed an inverse profile. Integrated over 25 cm (Table 1) , Chl a concentrations were similar for all seasons investigated.
At Sta. B, the deposition of fresh algal material (Fig. 3m-o) onto the sediment was also highest in early September (1,895 ng cm Ϫ3 in the 0-to 1-cm layer) and revealed peaks between 0 and 2 cm as well as between 6 and 8 cm. The deeper peak represents, most likely, old buried material. This is confirmed by the chlorin index revealing higher values (0.62) in the deeper peak compared with the surface (0.59), i.e., the proportion of degraded organic matter was larger in the deeper fraction. Below the peaks, the sediment had Chl a values around 700 ng cm Ϫ3 , with a chlorin index of about 0.65. In late September, the deeper peak was not found again, which could be either a consequence of degradation processes or lateral heterogeneity. Chl a concentrations were elevated only at the surface (around 1,500 ng cm Ϫ3 between 0 and 2 cm). Below the surface, Chl a decreased steadily from 1,000 to 360 ng cm Ϫ3 . The chlorin index showed an inverse profile, with lowest values at the surface (0.57) and highest at the bottom of the core (0.67). In March, there was still a peak of Chl a at the topmost layer (1,213 ng cm Ϫ3 ), but the high chlorin index (0.64) shows that a larger fraction of the algal material was already degraded. The deeper part of the sediment revealed a Chl a concentration around 500 ng cm Ϫ3 and a chlorin index of about 0.65. Integrated over 25 cm (Table 1) , Chl a in March was only 60% of the concentration in early September.
In vitro process rates-Potential AOM: Averaged potential rates fluctuated between 20 and 90 nmol cm Ϫ3 d Ϫ1 in both seasons (Fig. 4) . Within the top 30 cm, no clear trend was visible and the seasons yielded different profiles. In March, when the sampling depth was expanded to 40 cm, a decrease of AOM was measured below 30 cm.
Temperature optimum of AOM: Temperature-dependent potential AOM (25-30 cm, early September, Fig. 5 ) revealed highest rates at 20ЊC (97 nmol cm Ϫ3 d Ϫ1 ), characterizing the responsible organisms as mesophilic (Madigan et al. 2000) . The rates increased steadily from 4ЊC (29 nmol cm
AOM inhibition by oxygen: 14 CO 2 production in incubations with oxic sediment slurry was not significantly different from production in incubations with artificial seawater (negative controls). Therefore, AOM activity was considered to be zero in the presence of oxygen. In anoxic incubations, the 14 CO 2 production was significantly higher compared with negative controls, resulting in an average AOM rate of 25.4 nmol cm
Coupling of AOM and SR: 14 CO 2 production in incubations with sediment slurries (both with and without addition of molybdate) differed significantly from incubations with artificial seawater, i.e., revealing AOM activity. However, the AOM activity in sediment slurries with added molybdate (32.8 nmol cm Ϫ3 d Ϫ1 , Ϯ11.4 SD) was only 27% of the AOM activity measured in sediment slurries without molybdate (119.1 nmol cm Ϫ3 d Ϫ1 , Ϯ29.3 SD). AOM was therefore significantly reduced after the inhibition of SR, demonstrating the close coupling between the two processes in Eckernförde Bay sediments.
Methane production: The rates increased with depth in both seasons (Fig. 6) . No considerable methane production was detected in the top section (0-5 cm). In early September, rates were lower compared with respective depth sections of March. In early September, methanogenesis reached a maximum of 9.8 nmol cm Ϫ3 d Ϫ1 between 25 and 30 cm (the maximum sampling depth). In March, a maximum of 37 nmol cm Ϫ3 d Ϫ1 was reached between 30 and 35 cm.
Potential aerobic MO: Potential aerobic MO was 9.1 (Ϯ2.5 SD) nmol cm Ϫ3 d Ϫ1 in early September and 4.6 (Ϯ3.4 SD) nmol cm Ϫ3 d Ϫ1 in March for the section 0-5 cm. At 5-to 10-cm depth, aerobic MO was not detected.
Identification of microorganisms with fluorescence in situ hybridization (FISH)-Slurries
(0-10 cm and 25-25 cm, early September) as well as sediment from the depth of the highest detected AOM rates (Sta. A: 21-22 cm, early September; 23-24 cm, late September; 24-25 cm, March; Sta. B: 19-20 cm, early September; 14-15 cm, late September; 24-25 cm, March) were investigated with FISH. In all samples, abundant cell aggregates were detected by the EelMS932 probe targeting archaea of the ANME-2 cluster (Fig. 7) . Archaea of this cluster are reported to mediate AOM in syntrophic consortia with sulfate-reducing bacteria of the branch Desulfococcus/Desulfosarcina (Boetius et al. 2000) . The ANME-2 aggregates found in the Eckernförde Bay sediments had no apparent syntrophic partner. In EelMS932 (CY3)/DSS658 (CY5) or EelMS932 (CY3)/ EUB338 (CY5) double-hybridizations (Fig. 7a,c) , the cells of the aggregates were targeted only by EelMS932. Control analysis of the DAPI signal also revealed no additional cells than those accounted for by EelMS932 (Fig. 7b) . Preliminary aggregate counts of the depth interval 24-26 cm of the March sampling revealed an ANME-2 aggregate density of 1.12 and 0.95 ϫ 10 6 cm Ϫ3 for Sta. A and B, respectively. This corresponds to a cell density of 3.8 and 5.1 ϫ 10 7 cm Ϫ3 , respectively ( Table 2 ). The coccoid cells had a diameter of about 0.7 m. The largest aggregates reached a diameter of 6-8 m with cell numbers between 300 and 500. However, the majority of the aggregates (93%) had lower cell numbers with an average of 22 Ϯ 22 mean deviation (MD) (n ϭ 43, Fig. 7d,e) . In some cases, the cells occurred in pairs (Fig.  7f,g ). No single cells were found. ANME-2 aggregates comprised 21% and 28% of the total microbial cell numbers at Sta. A and B, respectively. Other archaeal cells in the sediment were detected by the ANME-1 probe targeting cells of the ANME-1 cluster, archaea also known to be responsible for AOM (Michaelis et al. 2002) . The cells revealed a rectangular shape, as it is typically for ANME-1, and occurred in short chains of 4-6 cells. Their abundance was too low for quantification (only 2 or 3 chains were found per filter . Specimen of the assumed syntrophic ANME-2 partner, i.e., sulfate-reducing bacteria of the branch Desulfococcus/Desulfosarcina (targeted by probe DSS658), were also abundant in the sediment but occurred only as single cells or in aggregates without archaeal partners. The coccoid cells had a diameter of about 0.5 m. Preliminary cell counts of the depth interval 24-26 cm of the March samplings revealed a Desulfococcus/Desulfosarcina aggregate density of 5.1 and 6.7 ϫ 10 5 cm Ϫ3 for Sta. A and B, respectively. This corresponds to a cell density of 3.4 and 5.1 ϫ 10 6 cm Ϫ3 , respectively (Table 2) . Therefore, the ratio between ANME-2 and Desulfococcus/Desulfosarcina cells in the sediment was about 10 : 1 at both stations. The aggregates of Desulfococcus /Desulfosarcina were smaller compared with ANME-2. The largest ones comprised between 30 and 44 cells. The majority of the aggregates (91%) had lower cell numbers, with an average of 3 Ϯ 1 MD (n ϭ 31). Also, single cells were found.
It should be mentioned that the cell counts may represent underestimations, as the dilution of the sediment was chosen relatively low to obtain an appropriate number of aggregates per filter. Thus, the sediment formed more than one layer on the filter and could have hidden cells. However, the underestimation should be similar for ANME-2 and Desulfococcus/Desulfosarcina cells due to their similar cell size and aggregate properties.
Discussion
Organisms apparently mediating AOM in Eckernförde Bay-The sediments of Eckernförde Bay contained abun-dant aggregates belonging to the Methanosarcinales-related ANME-2 cluster. Archaea of this cluster have been described to mediate AOM in consortia with sulfate-reducing bacteria of the Desulfococcus/Desulfosarcina branch in different methane-bearing sediments in the North Pacific (Boetius et al. 2000; Orphan et al. 2001a,b) . In contrast with those sites, the ANME-2 aggregates in Eckernförde Bay never had bacterial partners. Monospecific aggregates of ANME-2 were already described (Orphan et al. 2001b ), but they were found only occasionally in sediments dominated by ANME-2/Desulfococcus/Desulfosarcina consortia. These findings raise the question whether methane-oxidizing archaea need to interact with sulfate-reducing bacteria. Although monospecific aggregates of Desulfococcus/Desulfosarcina were also found in the sediments of Eckernförde Bay, their abundance was 10 times lower compared with ANME-2 aggregates. Moreover, AOM based on a loose co-occurrence of archaeal and bacterial cells in the sediment is not likely to provide an efficient syntrophy because a close cell-to-cell contact is hypothesized to be needed for a transfer of metabolic intermediates (Sørensen et al. 2001) . Because FISH offers no information about the physiology of an organism, however, we can only speculate from their high abundance and close relationship to known AOM organisms that the ANME-2 aggregates are responsible for the methane consumption in Eckernförde Bay.
The temperature optimum of AOM in Eckernförde Bay sediments indicates another physiological difference from other known anaerobic methane oxidizers. The optimal temperature of psychrophilic ANME-2 mediating AOM at Hydrate Ridge ranges between 4ЊC and 16ЊC (Nauhaus et al. 2002) . The AOM organisms of Eckernförde show a mesophilic temperature optimum between 16ЊC and 28ЊC. This is most likely a consequence of the seasonal temperature changes in Eckernförde Bay in contrast with Hydrate Ridge, where the AOM organisms experience a constant temperature of 4ЊC . The occurrence of ANME-2 organisms in temperate coastal habitats, observed here for the first time, has been proposed by Orphan et al. (2001a) based on the occurrence of ANME-2-related phylotypes in highly reduced, methane-rich salt-marsh sediments (Munson et al. 1997) .
Sedimentary biomarkers related to ANME-2 were found only in trace amounts (M. Elvert, pers. comm.). At Sta. B, within the section 25-30 and 30-35 cm, 20 and 80 ng g dry wt Ϫ1 sn-2-hydroxyarchaeol were detected, respectively. These concentrations are 10-50 times lower compared with gas hydrate-bearing sediments at Hydrate Ridge (M. Elvert, pers. comm.). This agrees with the abundance of aggregates: ANME-2 cells at Hydrate Ridge are about three orders of magnitude more abundant than at Eckernförde Bay (Boetius et al. 2000; Treude et al. 2003) . More detailed investigations are needed of the ANME-2 distribution within the AOM zone of Eckernförde Bay sediments, as their abundance in the present study was determined only for a few sections of the investigated sediment that revealed highest AOM activity. Nevertheless, the data indicate a correlation between aggregate abundance and methane availability. Higher abundances are found at sites with higher methane fluxes into the sulfate-methane transition. This is also shown by the potential AOM revealing 10 times lower rates in Eckernförde Bay compared with Hydrate Ridge (Nauhaus et al. 2002; Treude et al. 2003) .
Environmental control of AOM in Eckernförde
Bay sediments-At both stations studied in Eckernförde Bay, significant seasonal changes occurred in AOM rates, which seems to be coupled to biogeochemical or physical parameters. In general, two major factors are known to control AOM activity: the availabilities of sulfate and methane. AOM is observed to be restricted to sulfate-containing sediments and its rate increases with methane concentration (Hoehler et al. 1994; Nauhaus et al. 2002) . In the sediments of Eckernförde Bay, a close coupling between AOM and sulfate reduction was confirmed by a significant inhibition of AOM through molybdate addition. AOM is also known to be limited to the anoxic sediment due to a high sensitivity to oxygen among the group of methanotrophic archaea (Zehnder and Brock 1980) . In the sediments of Eckernförde Bay, the inhibition of AOM by oxygen was confirmed by in vitro experiments under oxic conditions. Temperature, on the other hand, may regulate the rate of AOM depending on the temperature optimum of the organisms. Because the AOM organisms of Eckernförde Bay sediments revealed a mesophilic character in vitro, their turnover rates should be affected by in situ temperature changes. In the following, we will discuss these four major parameters and their impact on AOM activity and distribution in the sediments of Eckernförde Bay in more detail.
Oxygen: At both stations, AOM was reduced in the 0-to 1-cm interval in late September and March compared with early September. One reason may be the introduction of oxygen as a consequence of sediment resuspension during stormy weather. Because the activity and presence of aerobic methanotrophs within the top 0-5 cm was confirmed by potential rate measurements (this study) and by molecular identification of aerobic methanotrophs (Eppelin 2002) , we cannot exclude that the activity in the 0-to 1-cm interval represent aerobic methane oxidation. The low activity in the field measurements (0.03-0.59 nmol cm Ϫ3 d Ϫ1 ) compared with potential measurements (4.6-9.1 nmol cm Ϫ3 d Ϫ1 ) could then be a result of fast oxygen depletion during the 48-h incubation, leading to an underestimation of the turnover rate.
Sulfate: The penetration depth of sulfate in Eckernförde Bay sediments is mainly controlled by SR (Whiticar 1978; Bussmann et al. 1999; Whiticar 2002) . In early and late September, SR at Sta. A and B was enhanced at the sediment surface due to freshly sedimented organic matter and/or higher temperature. The fresh input of organic matter is confirmed by a high Chl a content at the sediment surface. Sulfate penetration was restricted to the upper 25 cm. Unfortunately, AOM rates could not be determined deeper than 25 cm. However, we can speculate that major AOM was restricted to the sulfate-penetrated sediment due to the close coupling between AOM and SR found in this study. It was shown in previous experiments that a net AOM, i.e., AOM that is not a part of the enzymatic reversal of methanogen- (Abegg and Anderson, 1997) . Data were kindly provided by F. Abegg. esis, is inhibited when sulfate is removed from the sediment (Zehnder and Brock 1979; Hoehler et al. 1994) .
In March, sulfate penetrated deeper than 30 cm, although bottom water salinity, and therefore also surface sulfate concentration, was lower compared with September. The deeper penetration of sulfate is explained by a drop of SR to about one third of the September activity in the top 10 cm. This was most likely for two reasons: the organic matter was in an advanced degradation stage, as reflected by reduced Chl a concentrations and higher chlorin indices compared with September, and the ambient temperature had dropped from 11ЊC to 4ЊC. SR is reported to decrease threefold to fourfold during the cold season (temperature change of 10-15ЊC), even when large amounts of organic matter are available in the sediment (Westrich and Berner 1988; Klump and Martens 1989) . The higher sulfate penetration should have enabled major AOM activity to proceed into zones deeper than 25-cm depth. The steady increase in AOM below 20 cm at both stations supports this hypothesis. However, the true penetration depth of AOM activity has to remain speculative because of lacking AOM data below 25 cm.
The deeper penetration of sulfate, and thus the deeper presence of SR during cold ambient temperatures, might have shifted major methanogenesis to below 30 cm. Sulfatereducing bacteria generally compete effectively with methanogens for hydrogen and acetate, which are substrates for the two major pathways of methanogenesis (Zehnder 1988) . Such correlations of temperature with the depth distribution of SR and methanogenesis have been reported for seasonal variations at Cape Lookout Bight, North Carolina (Martens et al. 1986 ). However, because we detected considerable methanogenic in vitro activity in sulfate-free slurries from 5-to 40-cm sediment depth (March sampling), the potential of methanogenesis appears to be present also within sediments that feature sulfate-reduction activity in situ. Possibly the metabolism of the methanogenic archaea in the SR zone might be based on methylotrophic pathways utilizing noncompetitive substrates. It is also probable that the methanogens are inactive in situ as long as sulfate is present but are stimulated in our incubations due to the inhibition of sulfate reduction. A similar stimulation might also, to some extent, take place in situ, when the penetration depth of sulfate decreases during summer months. A third possibility would be a coexistence of methanogens and sulfate reducers in the sediment due to a temporal and spatial heterogeneity caused by bioturbation and gas ebullition that relieves competition and allows more diverse populations to thrive. The clear decrease in methane production rates toward the sediment surface would then indicate a decrease in the methanogenic population. However, because we did not test for a preference of methanogenic substrates or determined methanogenic biomass, the correlation between sulfate penetration and methanogenic activity remains speculative.
The higher methane production in March compared with September was unexpected. Due to the difference of in situ temperatures during sampling, we supposed a larger methanogenic population during the warm season. Because the treatment of the slurries was the same, we cannot attribute this difference to methodology.
Temperature: In addition to the indirect impact of temperature on the vertical distribution of AOM by way of SR and the resulting sulfate penetration, temporal variations in AOM rate were also found to be directly correlated with temperature changes. In March, AOM at Sta. A and B was lower between 0 and 25 cm compared with early September, although methane concentrations at Sta. B were higher. This is most likely a consequence of low temperature, as potential AOM at 4ЊC was half that at 12ЊC. The lower rates enabled more methane to diffuse upward.
Methane: In our study, AOM was never measured down to depths of saturated methane concentrations, which are around 7 mM in Eckernförde Bay ( Fig. 8 ; Abegg and Anderson 1997) . We suggest, however, that major AOM did not occur below the depth of sulfate penetration for reasons mentioned before, and therefore major AOM activity might have been restricted to the top 25 cm of the sediment in early and late September. This is also confirmed by good agreement between integrated areal AOM rates (between 0.83 and 1.50 mmol m Ϫ2 d Ϫ2 ) and methane fluxes calculated from methane profiles of an earlier study (between 0.66 and 1.88 mmol m Ϫ2 d Ϫ2 ; Abegg and Anderson 1997; Fig. 8) . We calculated the fluxes according to Treude et al. (2005) using a methane-diffusion coefficient of D methane ϭ 8.7 ϫ 10 Ϫ5 cm 2 s Ϫ1 , after Iversen and Jørgensen (1993) , and a mean porosity of 0.88. We hypothesize that two transport mechanisms of methane impacted the vertical distribution of AOM in Eckernförde Bay sediments: molecular diffusion of methane from the methanogenic into the sulfate-reducing zone and advec- tive transport of methane in the form of gas bubbles rising from the depth of gas-bubble formation to the sediment surface. We build this hypothesis on two observations: AOM was often highest within the deepest interval (20-25 cm), i.e., in the diffusive transition between methanogenic and sulfate-reducing sediment, and AOM was occasionally also enhanced above the diffusive transition, i.e., above 20 cm depth (see Sta. B, late September).
A distinct increase in AOM above the diffusive transition, as observed at Sta. B in late September, was not found at Sta. A, which was sampled 1 d earlier. We can exclude the impact of changes in temperature or sulfate penetration because both were similar at the two stations. Rather, we assume that a rise of gas bubbles, caused by a drop in hydrostatic pressure at Sta. B, might be responsible for the different AOM distributions. This assumption is based on a drop in sea level of about 40 cm between the sampling at Sta. A and B (Fig. 9) . This explanation is supported by frequently observed increases in gas-bubble releases into the water column of Eckernförde Bay from water depths around 26 m during sea-level decreases of 20-40 cm (Jackson et al. 1998 ). Mattson and Likens (1990) similarly reported methane ebullition in a shallow lake (11 m) to be correlated with changes in local air pressure (18% increase per millibar drop in air pressure). The decrease in hydrostatic pressure could result in an expansion of gas bubbles in the sediment. Such an expansion may cause instability and rise of the bubbles due to increased buoyancy. On their way to the surface, bubbles may partly dissolve into the pore water and lead to enhanced AOM rates. This explanation remains hypothetical, as we found no direct evidence of dissolved methane bubbles in the methane profile preserved at time zero. Because methane bubbles generally rise in distinct conduits (Abegg and Anderson 1997) , the core subsampled for AOM/SR possibly experienced such a rise of bubbles, whereas the nearby replicate core subsampled for methane concentrations at time zero did not. Hence, the influence of rising gas bubbles needs to be investigated under well-monitored or controlled conditions in future investigations.
Our experiments with sediment slurries demonstrated that the organisms mediating AOM in Eckernförde Bay sediments have a large capacity for retaining methane from below. Potential rates of AOM at methane saturation were always 4-10 times higher compared with field measurements at undersaturated conditions (Table 3 ). Even at a low temperature (4ЊC, corresponding to the in situ temperature in March), potential rates are two-to threefold higher than field measurements (compare Figs. 2, 3, and 6). Thus, the organisms should be able to react to fast changes in methane supply. Such a fast response is most likely not dependent on growth of the microbial population because doubling times of methanotrophic cells were found to be very long (4.5 months at 16 mmol L Ϫ1 methane for ANME-2 organisms; K. Nauhaus, pers. comm.). Instead, methanotrophic cells readily change their consumption rate according to the methane partial pressure (see also Nauhaus et al. 2002) .
Global comparison of AOM in marine sediments-The magnitude of AOM (nmol cm
Ϫ3 d Ϫ1 ) in Eckernförde Bay can be determined as medium compared with other methanebearing sediments or methane-seep locations (compare Hinrichs and and references therein). At sites bearing gas hydrates close to the sediment surface, methane turnover is up to 100 times higher (Treude et al. 2003; Joye et al. 2004) , whereas the turnover in sediments from an anoxic basin in British Columbia (Saanich Inlet) was about 10 times lower (Devol 1983) . The crucial factor determining the magnitude of AOM seems to be the methane flux: highest methane turnover rates were found at locations with highest methane fluxes (Hinrichs and Boetius 2002) .
Cape Lookout Bight, North Carolina, is a coastal system rather comparable with Eckernförde Bay. Although sediment accumulation there is about 10 times higher, the system reveals several similar characteristics: (1) methane originates from recent methanogenesis, i.e., no seepage from fossil deposits (Martens and Klump 1980) ; (2) methane saturation is reached within the top 50 cm (Hoehler et al. 1994; Martens et al. 1998) ; (3) seasonality is strong for temperature, sulfate penetration, and methane ebullition (Martens et al. 1986; Crill and Martens 1987; Hoehler et al. 1994) ; (4) AOM is impacted by the depth distribution of sulfate (Hoehler et al. 1994 ); (5) AOM rates range between 10 and 20 nmol cm
Ϫ1 (Hoehler et al. 1994 ). It is not known which organisms mediate AOM at Cape Lookout Bight or how large their populations are. For future work, it would be important to compare the size of AOM populations, the potential capacity of AOM, and the methane supply in different sediment systems.
Summary-Due to their high abundance in sediment layers revealing enhanced AOM activity, specimens of the Methanosarcinales-related ANME-2 cluster known from other methane-bearing locations are suggested to mediate AOM in Eckernförde Bay. However, at Eckernförde Bay, the archaea might express a different strategy by forming bacteria-free aggregates. AOM in this habitat could possibly be mediated solely by archaea, harboring the enzymatic apparatus of both AOM and SR.
The methane-turnover rates in the gassy sediments of Eckernförde Bay are intermediate compared with other methanebearing marine locations. We suggest that the distribution and magnitude of AOM are controlled by several environmental factors: (1) oxygen and (2) sulfate penetration that determine the vertical distribution, (3) temperature controlling the rate of AOM, (4) methane supply by molecular diffusion or advection of gas bubbles creating either stable or fluctuating methane consumption rates. Most of these factors depend on seasonal changes, such as temperature, water stratification, primary production, and microbial degradation processes, leading to a shallow AOM zone during the warm, productive summer season and to a slightly deeper AOM zone during the cold winter season. The mesophilic physiology of the organisms involved in AOM is in accordance with the strong seasonal changes in temperature. Besides seasonal factors, a drop in sea level might cause short-term variations in AOM due to a concurrent release of gas bubbles. Rising gas bubbles possibly represent an additional methane supply beyond the diffusive border, enabling AOM in the upper 20 cm of the sediment. Assuming saturated methane concentration of around 7 mmol L Ϫ1 in the methanogenic zone, AOM in Eckernförde Bay effectively retains upward diffusing methane and prevents larger parts of it from reaching the sediment-water interface. The only major transport mechanisms across the microbial barrier might be rising gas bubbles.
